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Making and Using DNA Microarrays: A Short Course
at Cold Spring Harbor Laboratory
David J. Stewart1
Meetings and Courses, Cold Spring Harbor Laboratory, Cold Spring Harbor, New York 11724 USA
The conundrum is familiar. You are
sent back in time to the Middle Ages
with no artifact from the present,
brought before the local ruler, and given
24 hours to prove you are indeed from
the future, to impress the ruler and his
advisors in some way, before you are ex-
ecuted in some suitably hideous fashion.
What do you do?
Toying with this conundrum re-
veals how little we know in a practical
sense about the everyday items that sur-
round us. Can you fix your car and your
computer? My guess is that few, if any,
readers can do so. And so it was with
some trepidation that Cold Spring Har-
bor Laboratory agreed to host a short
course in the Fall of 1999, funded in part
by the National Cancer Institute, in
which students, primarily biologists,
would not only print, use, and analyze
DNA microarrays but would start the
course by building the machines used to
print the arrays. For some time, Patrick
Brown and colleagues (Chu et al. 1998;
DeRisi et al. 1997; Lashkari et al. 1997) at
Stanford had been advocating the idea
that smaller laboratories could enter the
fray and hype surrounding these emerg-
ing microarray technologies by building
machines rather than by buying them, a
self-help philosophy that was strength-
ened by the Brown laboratory’s web-
based publication in June 1998 of the
MGuide, a step-by-step guide to con-
struct the arrayer, complete with parts
list. Indeed, a number of laboratories
have gone ahead and built their own
machines.
Commercial vendors already offer
some solutions for investigators inter-
ested in studying changes in genome-
wide gene expression. Efforts by Steve
Fodor and others at Affymetrix (Santa
Clara, CA) in the early 1990s had led to
the development of the GeneChip tech-
nology, in which relatively costly pho-
tolithographic techniques are used to
fabricate high-density microarrays of
short sequences of single-stranded DNA
base by base, but academic laboratories
in particular find the technology both
expensive and restrictive, the latter re-
flecting the fact that all of the arrays
have to be manufactured by Affymetrix,
presumably with a strong commercial
perspective as to what genes (and from
which species) are being arrayed. Be-
cause these arrays are composed of short
(20-24 mer) oligonucleotides, they have
application not only in monitoring
“global” gene expression but also in the
resequencing of genomic DNA, identifi-
cation of single nucleotide polymor-
phisms (SNPs), and genotyping and will
therefore have wide application in phar-
macogenomics. But with current arrays
sporting 40 features per gene (20 posi-
tive oligos designed to cover the length
of the gene, and 20 mismatch controls
containing identical sequences but con-
taining a single centrally located mis-
match), the Affymetrix approach can be
considered to be overkill for many appli-
cations.
The second strategy revolves around
commercialization of various aspects of
the Stanford technique. For example,
Synteni, a company that licensed the
Stanford technology and was acquired
by Incyte (Palo Alto, CA) in 1998, to-
gether with several other competitors,
print their own arrays, where larger DNA
fragments several hundreds of nucleo-
tides in length are prepared by PCR in
advance and then coated onto various
flat substrates, primarily glass or nylon.
These companies either sell arrays or ar-
ray services, an approach that suffers
from similar restrictions to the Af-
fymetrix approach in terms of which
genes the companies decide to array.
Many of these products consist of low
thousands, hundreds, or even tens of ar-
rayed sequences. Meanwhile, a third ap-
proach, midway between the second
strategy and the purist Stanford ap-
proach, is to buy an arrayer from a com-
mercial vendor such as Cartesian Tech-
nologies (Irvine, CA), and then make the
DNA chips de novo. This offers flexibility
to the investigator in terms of which se-
quences are arrayed, and the technical
support of the vendor in case the print-
ing robot breaks down or becomes un-
aligned—printing tens of thousands of
discrete DNA “features” requires that
these arrayers are tightly aligned in both
horizontal directions. However, these
arrayers have specifications no better
and are currently at least twice the cost
of home-built machines. This brings us
back to the Stanford approach—build
the machines from scratch. And to our
own trepidation, could a group of 16 bi-
ologists—selected from a pool of >125
applicants on the basis of their biologi-
cal interests rather than their machining
skills—actually build the machines, al-
beit with expert guidance from members
and former members of the Brown and
Botstein laboratories in Stanford, such
that they could be used to print high-
density DNA microarrays (Table 1)?
As is usual for Cold Spring Harbor
courses, the students included labora-
tory heads, senior scientists, and post-
docs, plus two from Britain, and one
each from Sweden, Germany, and New
Zealand, with the remainder coming
from academic laboratories in the
United States with widespread interest
in topics ranging from the cell cycle,
origins of replication, cancer (and the
development of anti-cancer vaccines),
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signal transduction, apoptosis and neu-
robiology. Preference was given to indi-
viduals whose applications strongly sug-
gested that they would move swiftly to
develop and apply this technology at
their home institutions and make it
available to other investigators. The ex-
plicit intention was to spread the appli-
cation of these techniques as widely as
possible, both geographically and scien-
tifically.
The students assembled at Cold
Spring Harbor Laboratory on the night
of October 19 to begin the 2-week
course, and began building the arrayers
the next morning. With one arrayer
built in advance by Vishy Iyer and Jo
DeRisi, a lead instructor in the course,
serving as a guide, the students were able
to build three complete machines by the
third day of the course—these were long
16 hour days—despite “teething prob-
lems” in terms of broken or malfunc-
tioning components (Fig. 1). Predict-
ably, the students learned more from
the problems that they encountered
than an error-free assembly of the equip-
ment might have offered.
By the fourth and fifth days, the
course was printing duplicate arrays of
the entire 6200-gene set of Saccharomy-
ces cerevisiae, chips valued in excess of
several tens of thousands of dollars by
current commercial prices, using clones
provided by Stanford. With four ma-
chines in operation, the course labora-
tory, for 1 week in October at least,
probably represented the largest chip
printing facility anywhere, with a hypo-
thetical annual capacity for >100,000–
150,000 twenty-eight thousand spot ar-
rays. The quality of these homemade
microarrays may vary rather more
widely than commercially available ar-
rays, but with the cost differential so
large between the two approaches, vari-
ous kinds of error can be significantly
reduced by increasing the number of
replicate arrays or even by altering the
pattern of printing.
With sufficient arrays printed and
available for experimentation, the stu-
dents were ready to prepare samples for
hybridization. Regardless of how DNA
microarrays are fabricated, at this point
methods for using these arrays start to
coalesce, particularly in terms of gene
expression analysis. Because of the enor-
mous variation in the number of mRNA
molecules being analyzed, and because
Table 1. Students and Faculty in the 1999 Cold Spring Harbor Laboratory Microarrays Course
Jürg Bähler Cell Cycle Laboratory, Imperial Cancer Research Fund, London, UK
Arul Chinnaiyan Department of Pathology, University of Michigan Medical School, Ann Arbor, MI
David Collingwood Department of Mathematics, University of Washington, Seattle, WA
Bruce Futcher Department of Microbiology, State University of New York at Stony Brook, Stony Brook, NY
Janet Hager Department of Molecular Biophysics and Biochemistry, Yale University, New Haven, CT
Christian Kaltschmidt Molecular Neurobiology Laboratory, University of Freiburg, Freiburg, Germany
Thomas Kocarek Institute of Chemical Toxicology, Wayne State University, Detroit, MI
Maria Lagerstrom-Fermer Department of Medical Sciences, University of Uppsala, Uppsala, Sweden
Matthias Lorenz Advanced Technology Center, National Cancer Institute, Gaithersburg, MD
Donald Love School of Biological Sciences, University of Auckland, Auckland, New Zealand
Michele Marron Pathology, Immunology, and Experimental Medicine, University of Florida, Gainesville, FL
Vivek Mittal Cold Spring Harbor Laboratory, Cold Spring Harbor, NY
Daniel Notterman Department of Molecular Biology, Princeton University, NJ
Michael Ryan Wadsworth Center, New York State Department of Health, Albany, NY
Arthur Thompson Department of Food Safety, Institute of Food Research, Colney, Norwich, UK
Sudha Veeraraghavan Department of Molecular Biology, Scripps Research Institute, La Jolla, CA
Instructors: Ash Alizadeh (Stanford), Patrick Brown (Stanford), Max Diehn (Stanford), Michael Eisen (Lawrence Berkeley National Laboratory), Jo DeRisi
(UCSF), and Paul Spellman (Stanford).
Figure 1 Jo DeRisi (bottom left) and students examine the fully constructed arrayers.
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of the complexities of the hybridization
kinetics of individual DNA sequences,
microarrays are used to measure the ra-
tio between a reference and a sample,
typically labeled with green and red
fluorescent dyes, rather than the abso-
lute quantity of transcript. It is for this
reason that raw array data are typically
represented as a grid of dots of varying
intensities of red, yellow and green. The
individual spot represents a marker for a
given gene or sequence whereas the in-
tensity of the red or green spots indi-
cates the degree of expression difference
between sample and reference but gives
no information as to whether this is an
abundantly or poorly expressed gene;
bright yellow spots simply indicate good
hybridization of equal numbers of red-
and green-labeled molecules and imply
no change in gene expression.
The students were able to use equip-
ment loaned by various vendors to scan
the slides and began the process of ana-
lyzing the data. One of the instructors,
Michael Eisen, has been at the forefront
of the development of a suite of freely
available software tools, including
ScanAlyze and Cluster, which help in-
vestigators work with the raw data (Fig.
2). Low-quality spots need to be identi-
fied, whether arising from inconsisten-
cies in the surface, poor printing, or
poor hybridization. Spot intensity may
vary across individual spots, and so vari-
ous kinds of averaging have to be done,
taking into account background signal.
The clustering algorithms as developed
by Eisen and others (1998) essentially al-
low the extraction of patterns of gene
expression from a large quantity of data
sets and use various strategies to help
the investigator in visualizing large
numbers of gene expression ratios. An
elegant analogy used by these investiga-
tors to underscore the process is to take a
Raphael painting, slice and dice the
painting into thousands of randomly
rearranged strips, and then attempt to
reconstruct the original—one knows
the pattern is there, but how does one
(re)discover it? And the principal theme
emerging from microarray experiments
is that groups of genes that are function-
ally related tend to be coregulated at the
transcriptional level.
Microarray technology has been criti-
cized for diverging from the current trend
for hypothesis-driven research. It strikes
me that this is unfair—investigators using
array technology seem to me to be the
equivalent of the nineteenth century zo-
ologists and botanists who traveled the
world collecting everything they could
lay their hands on. Provided the collec-
tion is done well, the data are then avail-
able for others to study and draw infer-
ences from. And if it accelerates the pro-
cess of identifying genes of unknown
function by virtue of their expression pro-
files, this is surely only a good thing. It is
clear that as the amount of gene expres-
sion data and whole genomic informa-
tion grows, it is vital that sufficient effort
is spent on trying to develop ways in
which data generated can be compared
between laboratories. The challenges
ahead lie as much in the development of
sophisticated databases and advanced
bioinformatics to mine reliable informa-
tion from disparate data sets as in the rela-
tively straightforward preparation of the
arrays themselves.
The course allowed Brown, DeRisi,
Eisen, and their colleagues to communi-
cate their passionate conviction to a
captive audience that arrays allow re-
searchers both detailed and simulta-
neously holistic views of how organisms
function. There is no doubt that we are
going to witness a plethora of whole ge-
nome studies as the technology devel-
ops, and as more investigators begin to
array not only DNA but antibodies and
other proteins and to study noncoding
DNA, transcription factor binding, pro-
tein-protein interactions and other mac-
romolecular interactions. Although I can-
not guarantee that any of these students
would survive the judgement of the ruler
in the familiar conundrum mentioned
above, I am convinced that in the “new
world” of microarrays (Brown and Bot-
stein 1999), they will at least be capable of
troubleshooting their arrayer (and, per-
haps, their car and computer too).
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Figure 2 Michael Eisen explaining how to use his suite of software tools to discern underlying
patterns of gene expression.
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